H emocyanins from mollusks are enormous glycoproteins with multiple functions, where oxygen transport is the best known (1, 2) . Hemocyanins alone are capable of potently activating the immune system of mammals. Therefore, hemocyanins have been used as a biotechnological tool in the development of Abs and vaccines, and also as immunomodulators such as nonspecific immunostimulants in superficial bladder cancer (3) . The hemocyanin purified from the giant keyhole limpet gastropod Megathura crenulata, commonly known as keyhole limpet hemocyanin (KLH), has traditionally been used for those purposes (4) (5) (6) . However, the biodiversity of hemocyanins has prompted interest in developing new candidates with better biochemical and immunological properties because the supply depends on natural resources. Therefore, hemocyanins from Concholepas concholepas (CCH) (7) and Fissurella latimarginata (FLH) (8) , among others (6) , have been studied. CCH is used as a carrier (9) and experimental Ag (10) , and it has been preclinically evaluated in a murine model of superficial bladder cancer and showed antitumor effects similar to KLH (11) . Additionally, CCH has been used as an adjuvant in dendritic cell (DC) immunotherapy of patients with prostate cancer, and it is considered a safe complement or alternative to KLH (12, 13) . In contrast, FLH has shown intrinsically greater immunogenic capabilities, exhibiting a more potent antitumor activity than CCH and KLH against melanoma in the B16F10 mouse melanoma model (8) .
Therefore, the immunostimulatory properties of these hemocyanins show differences in immunogenicity and immunomodulatory effects, indicating that different hemocyanins can activate diverse molecular and cellular pathways to promote Th1 immune responses. Studying the effects of these hemocyanins on innate immune cells might help us to understand their different properties; however, the effect of hemocyanins at this level and the mechanism by which the target cell types incorporate these proteins and promote their immunostimulatory effects have not been thoroughly studied.
We propose that when hemocyanins are incorporated by APCs, they induce a proinflammatory milieu that produces a bystander effect, which is a key event in their nonspecific immunostimulatory activity (14) . Indeed, macrophages play an essential role in both innate and adaptive immunity as regulatory and effectors cells, and as one of the primary danger sensors in the host (15, 16) . Macrophages display remarkable plasticity and flexibility; in response to Ags, they have the ability to polarize innate immune responses to produce various M1 or M2 patterns of cytokines that can be reversed in vitro and in vivo and that are stages that mirror the Th1/Th2 polarization of T cells (17) (18) (19) . Pioneer investigations by Unanue and Cerottini (20) demonstrated that macrophages take up and catabolize hemocyanins; however, whether hemocyanins induce macrophage activation remains unclear.
Several authors have explained that the immunomodulatory effect of hemocyanins is a result of the extremely complex xenogeneic structures (4, 6, 21) , which resemble an icosahedral virus capsid (22) . In fact, mollusk hemocyanins are enormous glycoproteins of ∼4 MDa, composed by an intricate arrangement of non-covalently linked subunits. The basic quaternary structure is a cylindrical decamer of 35 nm in diameter and 18 nm in height. The decamers in gastropod hemocyanins may associate in pairs to form colossal molecules called didecamers, with molecular masses of ∼8 MDa (23) . The hemocyanins used in this study present clear structural differences at this level, and experimental data have demonstrated that the KLH preparation is made up of two independent isoforms that coexist in variable proportions in the hemolymph of the animals, each composed of one type of subunit (24) . In contrast, the two subunits of CCH are intermingled in the molecule, forming heterodidecamers (7) . FLH is composed of a single type of subunit that forms homodidecamers (8) . Another significant feature of the hemocyanin structure is the presence of carbohydrates, as heterogeneous N-and O-glycosylation ramifications, with mannose being the common and most abundant oligosaccharide (25) (26) (27) (28) (29) (30) . Although the three hemocyanins present N-and O-linked oligosaccharides, there are differences in their arrangements. For instance, KLH and FLH present xylose and sialic acid, but CCH is devoid of these sugars (8) .
To better understand how these hemocyanins influence macrophage responses, we investigated the effects of CCH, FLH, and KLH on in vitro cultures of murine peritoneal macrophages. We studied their endocytosis and the temporal patterns of mRNA expression and protein levels of a panel of cytokines, using quantitative PCR (qPCR) and ELISA. Our main findings showed that hemocyanins are slowly processed by these cells. In response to structurally diverse hemocyanins, macrophages undergo activation and display different temporal patterns of cytokine gene expression and protein secretion, leading to an M1-polarized proinflammatory milieu. We propose that in vivo these effects activate bystander cell signaling that might increase tumor killing and other latent-specific responses.
Materials and Methods

Hemocyanin sources
The hemocyanins from C. concholepas and F. latimarginata that were isolated and purified under sterile and pyrogen-free conditions were provided by Biosonda (Santiago, Chile), and both proteins were suspended in PBS (0.1 M sodium phosphate, 0.15 M NaCl [pH 7.2]). Lyophilized KLH (from M. crenulata) in PBS was purchased from Thermo Scientific (Waltham, MA) and Calbiochem (San Diego, CA). Deglycosylated CCH and FLH were produced by sodium periodate treatment using the procedure and controls in Arancibia et al. (8) . To ensure that the biological effects observed were due to the hemocyanin component, the endotoxin contents of the hemocyanin preparations were determined using a Pyro-Gene recombinant factor C endotoxin detection assay kit (Lonza Group, Walkersville, MD). All of the chemicals were analytical-grade reagents, and the solutions were prepared using water for human irrigation (Baxter Healthcare, Charlotte, NC) and filtered through a 0.2-mm membrane filter (Millipore, Billerica, MA).
Mice C57BL/6 mice were obtained from the Universidad de Chile (Santiago, Chile) and bred at Biosonda. The experimental mice were housed between 22 and 24˚C with a light/dark cycle of 12/12 h. Sterile water and food were available ad libitum. The study was performed in strict accordance with the Guidelines for the Care and Use of Laboratory Animals (National Commission for Scientific and Technological Research of Chile). The National Commission for Scientific and Technological Research Committee on Animal Welfare approved all of the animal protocols used in this study.
Preparation and characterization of macrophages
Macrophages from C57BL/6 mice were prepared according to the method described by Zhang et al. (31) with modifications. Briefly, the mice were injected i.p. with 1.6 ml sterile solution of thioglycollate-enriched medium. After 4 d, the animals were euthanized and immediately injected with 5 ml sterile ice-cold PBS into the peritoneal cavity and the peritoneal fluid was collected in 15-ml conical Falcon tubes. The tubes were centrifuged at 1500 rpm for 10 min at 25˚C, and the pellets were collected. The cells were resuspended for 5 min at 37˚C in 2.5 ml erythrocyte lysis solution, and the lysis was halted by adding 2.5 ml DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% heat-inactivated FBS (HyClone Laboratories, St. Louis, MO), 100 U/ml penicillin, 100 mg/ml streptomycin, 1 mM sodium pyruvate, 1 mM L-glutamine, and 1 mM nonessential amino acids (Invitrogen). After centrifugation for 10 min at 25˚C, the pellets were resuspended in complete DMEM and quantified. The cells in complete DMEM were seeded at 1 3 10 6 cells/ml in a plastic petri dish and cultured for 1 h at 37˚C in 10% CO 2 . The culture supernatant containing no adherent cells was discarded. Adherent cells were washed with the same culture conditions. The cultures were observed and imaged on the culture plates under a Zeiss inverted phase-contrast light microscope. The purity and homogeneity of the cultures were determined by flow cytometry using a FACScan flow cytometer (Flow Cytometry Facility, Faculty of Science, Universidad de Chile) and analyzed using Weasel software. In this assay, we used Escherichia coli LPS (0111.B4 type; Sigma-Aldrich, St. Louis, MO) as a positive control at 100 ng/ml. Consequently, the macrophages used in this study were of a larger cell size with a granular cytoplasm and were practically homogeneously stained to an anti-F4/80 mAb (BD Biosciences, San Diego, CA). mAbs to CD80, CD86, CD40, and MHC class II (MHC-II; I-A b ) were all from BD Biosciences.
Transmission electron microscopy
The in vitro-cultured macrophages that were adhered to the 24-well cultured plates that had been previously treated with hemocyanins for 10 and 60 min were washed with PBS and fixed with a solution of 2% glutaraldehyde (Polysciences, Warrington, PA) in 0.1 M sodium cacodylate solution (pH 7.4) for 3 min; then, the macrophages were carefully scraped with a Teflon spatula. The cells were centrifuged at 5000 rpm for 5 min and maintained in the fixative for 1 h. The cells were postfixed with OsO 4 , dehydrated, and embedded in Epon (Polysciences) according to the method of Luft (32) . Then, the samples were stained with lead citrate according to the procedure of Reynolds (33) . The preparations were examined and photographed at 80 kV with a Philips Tecnai 12 electron microscope (Electronic Microscopy Facility, Pontificia Universidad Católica de Chile).
SDS-PAGE and Western blotting
To determine the processing pattern of CCH, FLH, and KLH by macrophages, we used the general procedure previously described by Arancibia et al. (14) . Briefly, the macrophages were incubated with 100 mg/ml each protein at 37˚C for 4, 24, 72, 120, and 144 h. For the electrophoretic analysis of macrophage extracts, the cells were washed with PBS, harvested with trypsin/EDTA for 30 min at 37˚C, and lysed with a low-detergent buffer (20 mM Tris/HCl [pH 7.5], 2 mM EDTA, 150 mM NaCl, and 0.5% Triton X-100). The macrophage extracts were mixed with a buffer containing SDS and 2-ME, heated for 5 min at 100˚C, and analyzed by SDS-PAGE on a gradient (5-15%) polyacrylamide separating gel as described by Laemmli (34) . For the Western blot analyses, polyacrylamide gels containing samples were transferred onto a 0.45-mm pore nitrocellulose membrane (Pierce/Endogen, Rockford, IL) at 100 V for 1.5 h as described by Towbin et al. (35) with minor modifications. The membranes were incubated overnight at 4˚C with TBS containing 1% casein and 0.02% Tween 20, and the hemocyanin bands were then visualized with an antihemocyanin rabbit antiserum developed by our laboratory as previously described (36) . An anti-b-actin Ab (Sigma-Aldrich) was used as a loading control.
TopTaq polymerase kit (Qiagen). The oligonucleotide primers for wellcharacterized markers of inflammation, including IL-1b, IL-6, IL-12p40, and TNF-a, as well as those of the housekeeping genes, b-actin and GAPDH, were prepared by Eurofins MWG Operon (Huntsville, AL) and are provided in Supplemental Table I (39) (40) (41) . The resulting PCR products were electrophoresed on a 2% agarose gel, stained with GelRed (Biotium, Hayward, CA), and photographed.
Real-time PCR was performed using RT 2 SYBR Green qPCR master mixes (SABiosciences, Hilden, Germany) as a detection dye to determine the relative cDNA levels of IL-1b, IL-6, IL-12p40, and TNF-a genes in each sample on the Rotor-Gene Q 100 (Qiagen). b-Actin was chosen as the housekeeping gene for normalization. Threshold cycle (Ct) values were collected and used for DDCt analysis. The relative amount of each target gene mRNA normalized to the housekeeping gene was calculated as 2 2(DCt cytokine 2DCt housekeeping gene) . The fold change of each target gene's mRNA was obtained relative to the control macrophages, that is, macrophages incubated with culture medium only and calculated as DDCt = 2 (DCt target gene in hemocyanins or LPS-cultured macrophages 2 DCt target gene in control macrophages) according to the RT 2 Profiler PCR array system handbook (SABiosciences). Experiments were performed in triplicate and repeated at least three times.
PCR array
The RT 2 Profiler PCR array (SABiosciences) was used for cytokine/ chemokine expression analysis according to the manufacturer's instructions. RNA (1 mg) was extracted and converted into cDNA with the RT 2 first-strand kit (SABiosciences). This array contains primers for 84 different cytokine-related genes, including the following: 15 growth factors (Bmp2, Bmp4, Bmp6, Bmp7, Cntf, Csf1, Csf2, Csf3, Gpi1, Lif, Mstn, Nodal, Osm, Thpo, Vegfa); 25 chemokines (Ccl1, Ccl11, Ccl12, Ccl17, Ccl2, Ccl20, Ccl22, Ccl24, Ccl3, Ccl4, Ccl5, Ccl7, Cx3cl1, Cxcl1, Cxcl10, Cxcl11, Cxcl12, Cxcl13, Cxcl16, Cxcl3, Cxcl5, Cxcl9, Pf4, Ppbp, Xcl1); 13 ILs (Il15, Il16, Il17a, Il17f, Il1a, Il1b, Il1rn, Il21, Il23a, Il27, Il5, Il7, Il9); 2 IFNs (Ifna2, Ifng); 14 anti-inflammatory cytokines (Ccl19, Il10, Il11, Il12a, Il12b, Il13, Il18, Il2, Il22, Il23a, Il24, Il4, Il6, Tgfb2); 10 TNF superfamily members (Cd40lg, Cd70, Fasl, Lta, Ltb, Tnf, Tnfrsf11b, Tnfsf10, Tnfsf11, Tnfsf13b); and 5 cytokines (Adipoq, Ctf1, Hc, Mif, Spp1). Experiments were performed in triplicate and repeated at least three times. The PCR array data were analyzed using the RT 2 Profiler PCR array data analysis Web portal from SABiosciences based on the DDCt method with five different housekeeping genes (Hsp90ab1, Gapdh, Actb, Gusb, and Hprt).
Measurement of cytokine protein levels
The levels of the cytokines IL-1b, TNF-a, IL-6, and IL-12p40 were measured in the supernatants of macrophages cultured with hemocyanins or with LPS (positive control) at 100 ng/ml or in culture medium (negative control), using quantitative commercial ELISA kits according to the manufacturer's instructions (DuoSet ELISA development systems, R&D Systems, Minneapolis, MN). Additionally, a panel of 32 cytokines, including chemokines (Eotaxin-1/Ccl11, MCP-1/Ccl2, MIP-1a/Ccl3, MIP-1b/Ccl4, MIP-2/Cxcl2, RANTES/Ccl5, KC/Cxcl1, IP-10/Cxcl10, LIX/Cxcl5, and MIG/ Cxcl9), growth factors (M-CSF/Csf1, G-CSF/Csf3, GM-CSF/Csf2, LIF/Lif), IFNs (IFN-g/Ifng), ILs (IL-10/Il10, IL-12p40/Il12b, IL12p70, IL-13/Il13, IL-15/Il15, IL-17A/Il17a, IL-1a/Il1a, IL-1b/Il1b, IL-3/Il3, IL-4/Il4, IL-5/Il5, IL-6/Il6, IL-7/Il7, Il9/Il9, IL-10/Il10), TNF superfamily member (TNF-a/Tnf), and others (VEGF/Vegfa) in the supernatants of macrophages cultured as above was analyzed by Eve Technologies (Calgary, AB, Canada) with a mouse cytokine array/chemokine array 32-plex panel using multiplexing laser bead technology. As a control, a sample of the culture medium alone was included in both types of ELISA analysis. The experiments were performed in triplicate and repeated at least three times.
Statistical analyses
For the cytokine determination experiments by ELISA and ELISArray, the data were subjected to a square root transformation (42) . Comparisons between groups were performed using an unpaired two-tailed Student t test. The qPCR for normally distributed data used the same analysis; however, for data that were not normally distributed, the Kruskal-Wallis rank test was used. The analyses were performed using GraphPad Prism version 6.0 (GraphPad Software, San Diego, CA). To analyze the PCR array data, an integrated Web-based software, that is, the RT 2 Profiler PCR array software package (SABiosciences), was used. An analysis of the relative quantification was performed using the DDCt method (43) . For each PCR reaction, two normalized average Ct values (control and test), an unpaired two-tailed t test (p value), and fold changes were calculated. Based on the Student t test, differences were considered significant when p , 0.05.
Results
Hemocyanins are phagocytosed by macrophages and slowly processed into smaller peptide fragments Peritoneal macrophages were cultured at different time points, up to 6 d, with CCH, KLH, or FLH at a concentration range from 100 mg/ml to 1 mg/ml. Culture media supplemented with or without LPS were used as the positive and negative controls, respectively. Direct visual analysis of the culture plates by phase-contrast light microscopy did not show any morphological changes characteristic of cell death induced by hemocyanins ( Fig. 1A) . Transmission electron microscopy analyses were performed at early time points to visualize the localization of hemocyanin molecules by taking advantage of their large size and hollow cylindrical features. These analyses showed that hemocyanin molecules, both native and deglycosylated, were quickly incorporated by macrophages, primarily through macropinocytosis ( Fig. 1Bb-f ) and clathrin-coated pits ( Fig. 1Bg ). Finally, the molecules were recognized inside endosomelike vesicles (Fig. 1Bh, 1Bi ). Next, we used flow cytometry to analyze Ag processing and presentation by macrophages. We found that after 24 h of incubation with the different hemocyanins, the macrophages exhibited a statistically significant difference in the upregulation of the costimulatory molecule of CD86 only under FLH stimulation; neither KLH nor CCH was able to increase the levels of costimulatory molecules (Fig. 1C ). The expressions of NO, a marker of fully activated macrophages (19) , and Arginase-1, an M2 macrophage marker (44) , were assessed to explore the functional effects of hemocyanins, and no changes in either marker occurred at 24 h of treatment (Supplemental Fig. 1 ).
Complementary analyses by immunoblotting showed the presence of hemocyanin fragments as faint bands after 4 h of incubation ( Fig. 1D) , with a maximum intensity at 72 h and with a persistent faint band at 46 kDa. We think that this band corresponds to a functional unit, which is the minimal organizational structural/ functional unit of hemocyanins (1) . Similar results were observed for the three hemocyanins.
Collectively, these data indicate that the molecules were internalized and processed slowly by macrophages, independently of the structural differences between these three hemocyanins. Our early in vivo studies were consistent with these observations. When we compared the incorporation of CCH labeled with Alexa Fluor 488 (CCH-488) and OVA (OVA-488) as a control, we observed that both Ags were incorporated by a similar percentage of peritoneal macrophages (Supplemental Fig. 2A ). However, OVA-488 endocytosis occurred faster than that of CCH-488, with peak incorporation at ∼14 and 24 h, respectively, and decay in fluorescence, which was attributed to protein processing, observed until 20 and 72 h, respectively (Supplemental Fig. 2B ). Therefore, these results strongly suggest that the slow Ag processing in macrophages, which also occurs in DCs (8, 14) , allows the sequestration of these proteins for presentation to T lymphocytes several days later, which is a key feature of Ags that enhance immunogenicity (45) .
Different hemocyanins induce distinctive temporal patterns of proinflammatory cytokine expression in macrophages
To address whether hemocyanins induce a proinflammatory state in macrophages, we evaluated temporal mRNA expression changes along with protein levels using qPCR and a specific capture ELISA analysis, respectively. We limited our analyses to four well-characterized markers of inflammation: IL-1b, IL-6, IL-12p40, and TNF-a. Macrophages were incubated at different time points (5, 24 , and 48 h) with 1 mg/ml of each hemocyanin. We used untreated macrophages and macrophages cultured with LPS (100 ng/ml) as negative and positive controls, respectively. The results are shown in Fig. 2 . We found that all hemocyanins induced Il1b gene expression; however, CCH upregulated mRNA levels early, at 5 h after stimulation, whereas KLH and FLH induced the upregulation at 24 h, similar to the results with LPS ( Fig. 2A, upper panel) . Interestingly, IL-1b protein was not found in the culture medium (or the protein levels were lower than the detection limit of the capture ELISA). The previous results can be explained based on the fact that IL-1b secretion is dependent on inflammasome activation (46, 47) . To confirm this explanation, we incubated the cultures with ATP for 30 min before culture medium collection in the cells treated with LPS. Under these conditions, we observed a maximum level of IL-1b protein after 5 h, and this then decreased to baseline levels at 48 h ( Fig. 2A, middle  panel) . Additionally, all three hemocyanins induced (to different degrees) a significant maximal upregulation of Il6 gene expression at 5 h after incubation, highlighting the fact that KLH had an even greater effect than LPS (Fig. 2B, upper panel) . However, these increases in mRNA levels do not correlate with the protein secretion during the time course, where its maximum expression level was reached at 24 h in response to KLH and FLH. In contrast, CCH induced basal protein levels at all of the time points ( Fig. 2B, middle panel) . Tnf gene expression was essentially at baseline in every time point studied for all hemocyanins (Fig. 2C, upper panel) . However, we detected a significant increase in TNF-a protein levels in the culture medium at 5 h after incubation with KLH and FLH relative to CCH (Fig. 2C, middle  panel) . Additionally, only KLH and FLH upregulated the Il12b maximally at 5 h after stimulation, whereas CCH resulted in basal gene expression and protein levels at all times analyzed (Fig. 2D,  upper panel) . However, KLH and FLH significantly increased the gene expression of IL-12p40 at 5 h after incubation and induced higher protein levels at 24 h incubation ( Fig. 2D, middle panel) , indicating that this cytokine is also under transcriptional control (48) .
Collectively, these data show different temporal expression patterns of proinflammatory cytokines in macrophages following treatment with the different hemocyanins. This result suggests that these proteins activate different signaling pathways and transcriptional networks ( Fig. 2, lower panel) .
Hemocyanins induced an M1-dominant immune profile in macrophages and maintained the downregulation of key M2 cytokines
To further investigate the effect of hemocyanins on macrophage activation, we extended our analysis using a PCR array to evaluate differences in the expression of genes encoding 84 cytokines that mediate innate and adaptive immune responses. Thus, macrophages were cultured during a 24-h time period with 1 mg/ml of each hemocyanin. Of the 84 genes analyzed, only certain genes showed significant differences in expression (fold change $ 3 and p , 0.05) after incubation with hemocyanins, which is summarized in Fig. 3A and Table I . In macrophages treated with LPS (the positive control), only 34 genes showed significant differences with respect to culture medium used as negative control. Of these genes, 33 (39.3%) were upregulated. Only one (1.2%) gene was downregulated, that is, Adipoq, which encodes an anti-inflammatory cytokine that inhibits macrophage functions (49) . In the presence of FLH, 30 genes (35.7%) showed significant differences, with 24 (28.6%) upregulated and 6 (7.1%) downregulated (Adipoq, Tgfb2, Il4, Il13, Ccl19, Cntf). In the presence of KLH, 21 genes (25%) showed significant differences, with 19 (22.6%) upregulated and 2 (2.4%) downregulated (Il5, Il4). In the presence of CCH, only five genes (6%) showed significant differences, with two (2.4%) upregulated (Il2, Cd40lg), and three (3.6%) downregulated (Adipoq, Il5, Il4) .
The data are presented as volcano plots to show the differences in the expression of the 84 cytokine genes in the macrophages treated with the different hemocyanins or LPS (positive control) with respect to the control media (negative control; Fig. 3B ). Gene markers of inflammation evaluated in the experiments in Fig. 2 are indicated by colored dots in Fig. 3B (IL-1b, green; IL-6, pink; TNF-a, yellow; and IL-12p40, red), showing concordance among methods. At first glance, differences in expression patterns are indicated for the three hemocyanins and LPS, which are shown in the heat map visualization of the results, where the cytokines are grouped into different categories based on their functions (Fig. 3C) .
Macrophages that were incubated with FLH showed an elevated M1 transcript cytokine profile compared with macrophages that were incubated with CCH or KLH (Fig. 3B, 3C ). A significant (p , 0.05) upregulation that produced a .3-fold change in the FLH treatment compared with the control was observed for the following cytokine genes: the chemotactic chemokines genes Ccl3, Ccl24, Ccl22, Cxcl9, Cxcl5, Cxcl13, Ppbp, Cxcl10, Ccl2, Cxcl3, Ccl7, and Cxcl1 (the last of which is the first chemokine synthesized during an acute inflammatory response by macrophages) (50); the IL genes Il1rn, Il1a, Il12b, 1l17a, Il6, Il1b, Il12a, and Il22; the growth factor genes Csf2 and Csf3; the IFN gene Ifng; and the TNF superfamily member gene Cd40lg (3.08-fold). In contrast, the anti-inflammatory cytokine genes that promote M2 immune responses, which were significantly downregulated in response to FLH, included Il4 and Il13 (23.78-and 23.41-fold, respectively). Additionally, FLH was unique in inducing transcriptional suppression of Ccl19 (23.23-fold) and Tgfb2 (25.15-fold), the latter of which is an anti-inflammatory cytokine secreted by murine macrophages to counteract inflammation by promoting the termination of leukocyte trafficking and the clearance of inflammatory cells (51) .
A slightly elevated Th1 transcript cytokine profile was obtained in response to FLH relative to KLH (Fig. 3B, 3C) , and the significant upregulation of 8 of the 12 chemotactic chemokine genes (Ccl3, Ccl22, Cxcl5, Ppbp, Cxcl1, Ccl2, Cxcl3, Ccl7) was consistent with the results for FLH. Additionally, an upregulation of the growth factor genes Csf3 and the TNF superfamily member Cd40lg (4.28-fold) was found. With regard to anti-inflammatory cytokines, differences between the KLH treatment and the control molecules being internalized by macropinocytosis. Scale bar, 0.5 mm. (Be) Higher magnification of the area indicated with arrows in (Bd). Scale bar, 0.2 mm. were not detected for transcript levels of Il13, whereas the Il4 and Il5 transcript levels were significantly downregulated (23.41-and 23.75-fold, respectively).
Different results were obtained for the cytokine transcript levels in macrophages incubated with CCH relative to the control (Fig. 3B,  3C) , although the only significantly upregulated transcripts were Il2 (3.34-fold), as IL increases T cell proliferation and activates B cells (49) , and a member of the TNF superfamily (Cd40lg; 4.30-fold). Macrophages treated with LPS exhibited increased M1 subset cytokine mRNA levels.
To verify the results of the PCR array, we evaluated the secretion of 32 cytokines (31 of which were included in the PCR array) using a mouse cytokine/chemokine/growth factor 32-plex array panel. Significant protein levels of 14 (43.8%) cytokines were found in the supernatants of macrophages treated with the different hemocyanins ( Fig. 4) . Along with inducing the expression of cytokines known to be potent attractors of various leukocytes, FLH and KLH considerably induced the protein expression of CXCL-1 (Fig. 4A) , CXCL-5 (Fig. 4B) , and CCL-3 (Fig. 4D) , which is consistent with the PCR array results for FLH CXCL-1, CXCL-5, and CCL-3.
With regard to proinflammatory cytokines, IL-1a protein and IL-1b protein were detected in response to KLH and FLH, respectively ( Fig. 4F and 4G, respectively) , which is consistent with the PCR array results and the secretion of IL-1b observed by ELISA (Fig. 4G ). However, significant levels of IL-17 were detected only in response to FLH (Fig. 4H) , and CCH induced a sharp increase in the protein levels of IL-12p70 to levels significantly higher than those induced by KLH or FLH (Fig. 4I) , although the PCR array results did not show a significant rise of either the Il12a or Il12b gene transcripts (which correspond to the IL-12p35 and IL-12p40 subunits of this cytokine) ( Fig. 3 ). According to ELISArray results, hemocyanins did not significantly induce the release of TNF-a (Fig. 4J) ; nonetheless, these findings showed more similar protein levels than did the results from ELISA, where this cytokine was found to be significantly induced by KLH and FLH (Fig. 2C) . In contrast, KLH increased the protein level of IL-15 (Fig. 4K) , a proinflammatory cytokine, and the corresponding gene was not in the PCR array panel. With regard to IL-6, it was detected in response to FLH and KLH; however, the differences were only significant in response to FLH (Fig. 4L ). This result is consistent with the ELISA results ( Fig. 2B) .
Concerning the growth factors, although the results of the PCR array after treatment with KLH and FLH indicated increases in the mRNA levels of Csf3 (corresponding to G-CSF), the only significant increase in protein level was observed after treatment with FLH ( Fig. 4N) . However, the results of the PCR array for the mRNA of Lif (LIF) corresponded to a significant increase in protein levels after treatment with KLH ( Fig. 4M ). LPS induced a significantly higher secretion of all cytokines, which is consistent with the PCR array results, and the LPS results were greater than those with the medium alone or hemocyanins ( Fig. 4A-M) .
Overall, our data showed that the cytokine gene expression profile and the cytokine protein secretion induced by CCH, FLH, and KLH were significantly different. Additionally, our data confirmed that hemocyanins strongly promote M1-directed immune responses by downregulating key cytokines that drive M2 immune responses.
Discussion
The aim of this study was to determine how mollusk hemocyanins, in the absence of additional adjuvants, trigger an innate immune response that leads to the maturation of a Th1-specific adaptive immune response together with powerful nonspecific immunomodulatory effects, including an antitumor capacity in certain cancers (3, 5, 6) . The immune response is triggered by a proinflammatory signal that arises from various components of the innate immune system that sense invading pathogens (52) or danger/alarm signals from injured cells (53) , phenomena in which phagocytic cells and APCs are fundamental. In the present study, we focused our attention on macrophages, which are central regulators of immune responses and one of the most active secretory cell types in the body (54) . Macrophages can internalize almost any form of Ag (whether cell associated or soluble) either nonspecifically or via specific receptors, which allows them to stimulate T cells (55) . Consequently, we studied whether hemocyanins can drive the expression of proinflammatory cytokines by peritoneal macrophages to generate a proinflammatory milieu. Therefore, we compared three hemocyanins that have different quaternary structures, oligosaccharides, and immunomodulatory properties (6) . We hypothesized that they would show differences at the innate immune level.
The main results show that hemocyanins were internalized by macrophages through pinocytic vesicles and by clathrin-dependent endocytosis, and these proteins were then slowly processed, an idea supported by their persistence for several days in vitro and in vivo. Surprisingly, the first observed differences between these proteins appear at 24 h. FLH and KLH (to a lesser extent) induced a significant upregulation of the M1 proinflammatory cytokine mRNA response in macrophages, which did not always correlate with protein levels. This response was less intense than that induced by LPS, which was used as a positive control. CCH showed a restrained but balanced action at this time. However, all of the hemocyanins maintained the downregulation of key M2 cytokine genes, such as Il4, Il5, Il13, and Tgfb2, with differences in the type of gene and/or intensity. Thus, although treatment with hemocyanins does not mirror the classical activation pattern (19, 56, 57) , our results, in combination with no change in arginase-1 expression, strongly suggest a shift toward a proinflammatory state. There is a consensus that M1 macrophages activate a tumor-killing mechanism and antagonize the suppressive activity of M2 macrophages, which promote tumor growth and metastasis (16) .
In contrast to murine macrophages, murine DCs did not mature in vitro after 72 h in the presence of CCH or KLH. On the contrary, FLH induced poor maturation, which was demonstrated by the partial upregulation of costimulatory molecules and MHC-II. However, the response was sufficient to induce the secretion of several proinflammatory cytokines, including IL-6, IL-12p40, IL-23, and TNF-a (58) . It has been shown that the lysosomal activity in DCs is less efficient in macrophages (59) , and this activity cannot significantly degrade large proteins (60) , such as KLH or CCH (14) . It is unlikely that these structures hydrolyze these proteins to smaller peptide fragments equivalent to those found in macrophages (Fig. 1D) . Assuming that the proteins bind to similar receptors, a possible explanation of these differences could be different trafficking patterns of hemocyanin in both types of APCs. Although DCs and macrophages phagocytose Ags in a process that involves phagosomes, these structures can be modified over time by a range of cellular machinery before fusing with lysosomes to produce antigenic peptides (60) .
Our data show that the increment of mRNA levels of certain cytokines did not correspond to the secreted protein levels, such as IL-6 and IL-12p40 (Fig. 2) . Thus, increases in mRNA expression may not necessarily promote the immediate synthesis of the respective protein due to posttranscriptional or translational control mechanisms for cytokine protein production. Therefore, the differences between Il6 mRNA expression and IL-6 secretion can be attributed to posttranscriptional regulation of this cytokine (61, 62) and may be triggered by various factors, including other cytokines such as TNF-a (63) . Regarding TNF-a, its mRNA level was not increased in response to hemocyanins, which was inconsistent with the protein level. We suggest that it is possible that hemocyanins activate control mechanisms because TNF-a is a major proinflammatory cytokine under transcriptional regulation, and these mechanisms may regulate TNF-a mRNA stability and TNF-a protein shedding from the cell surface by a TNF-a-converting enzyme (64) . A similar phenomenon has been observed in human macrophages stimulated with LPS:
macrophages have a posttranscriptional mechanism that potentiates TNF-a protein secretion, although the transcription of the mRNA is apparently slower because of the increased stability of the mRNA, and this leads to a significant increase in TNF-a protein secretion without notable differences in TNF-a mRNA induction (65) . The results that we obtained for the induction of TNF-a by LPS differ from those of other authors in terms of the timing at which Tnf mRNA increased (66) (67) (68) . Such discrepancies can be attributed to methodological differences (63) . The gene expression of IL-2 in macrophages cultured with CCH, a cytokine produced mainly by CD4 + T cells following its activation, was an unexpected finding; however, its quantification by ELISArray showed traces (on the order of femtomolar) of the cytokine, in all experimental treatment conditions of macrophages, but found no significant differences between conditions (data not shown). One possible explanation is that the low amount of IL-2 produced by the macrophages could result from contamination of the peritoneal macrophage preparations with low numbers of T lymphocytes. One of the immediate effects of an acute inflammatory response is the rapid recruitment of leukocytes from the blood to sites of inflammation; therefore, it is remarkable that FLH and KLH produce significantly elevated mRNA levels of CC chemokines (five for FLH and three for KLH, with Ccl2, Ccl7, and Ccl22 common to both), which induce the migration and activation of macrophages/ monocytes and lymphocytes. Alternatively, CXC chemokines (six for FLH and three for KLH, with Cxcl1, Cxcl3, and Cxcl5 common to both) are primarily neutrophil chemoattractants and activators (54) . These effects are represented in Fig. 5 . Consistent with these results, the delayed-type hypersensitivity induced by KLH in mouse ear tissues corresponded to a significant increase in the mRNA and protein levels of CXCL-1, CCL-2, and CCL-3, among others (69) . Additionally, it has been reported that human bladder cancer cell lines, after treatment with hemocyanin from the gastropod Helix lucorum and Rapana venosa, upregulated genes associated with apoptosis and immune responses, including genes involved in leukocyte activation and downregulated genes related to cell proliferation and wounding (70) .
Interestingly, the three hemocyanins induced significant elevations in the mRNA levels of CD40L (Cd40lg) in macrophages, which might support the observed nonspecific antitumor activity of hemocyanins in several cancers (6, 71) . CD40-CD40L interactions promote the activation of NK cells by murine macrophages (72) . These cells play a fundamental role in innate immune surveillance via their direct cytolytic functions (e.g., destruction of nascent tumors) or regulatory capabilities (e.g., prevention of tumor metastasis dissemination via the expression of IFN-g) (73, 74) . We previously demonstrated that CCH and KLH increased NK cell activity in vivo in a superficial bladder cancer model (11) , and in a melanoma model, we demonstrated that FLH augmented NK cell infiltration in the tumor. Moreover, in a recently reported murine model of sarcoma cells, KLH was found to increase the antitumor activity of NK cells in vitro (75) .
Our data showed a significant upregulation of the IL-1a and IL-1b genes in response to FLH and KLH ( Fig. 3) and indicated the presence of these cytokines in the culture medium of macrophages; the ELISArray detected small amounts ( Fig. 4) , whereas conventional ELISA did not detect their presence (Fig. 2) . Supporting these data, it has been reported that patients with superficial bladder cancer who responded to intravesical instillation therapy with KLH had higher IL-1a levels in the urine than patients who failed to respond (76) .
Importantly, note that our PCR array and ELISArray analyses had inherent limitations because it was necessary to select a single time point at which to perform the comparison between hemocyanins so that the upregulated or downregulated genes were limited up to 24 h of analyses. Therefore, additional time course experiments will be required, especially in the case of CCH, which produced a low proinflammatory profile at this time point. This phenomenon may have been partially caused by the significantly improved stability of CCH compared with FLH and KLH, a phenomenon that could be attributed to a lower hydrophobicity at FIGURE 5. Hemocyanins stimulate innate immunity by inducing macrophage activation. A simplified scheme of the early immune response of mammals against mollusk hemocyanins, supported by the principal results presented in this study, is shown. When hemocyanin molecules are inoculated, macrophages localized in the tissue incorporate these huge proteins, both by macropinocytosis and clathrin-mediated endocytosis, and they become activated while processing these molecules slowly. As a consequence, hemocyanins drive gene expression toward the M1 macrophage phenotype, triggering the secretion of inflammatory mediators, including chemokines of the C-X-C and C-C family (red, upward arrows), which are important for leukocyte extravasation and recruitment, especially of neutrophils, at the site of inoculation. Thus is generated a proinflammatory milieu that produces a bystander effect. During this early phase of immune response, hemocyanins maintain the downregulation of several M2 cytokine genes (blue, downward arrows) in macrophages. Hemocyanins are colored blue when in their oxygenated form. the surface of the protein (77), differences in glycosylations (8) , in addition to oligomerization and the copper/dioxygen system at the active site (78) . Thus, the conformational and structural stability of a protein Ag may play crucial roles in its proteolysis, APC processing, T cell stimulation, and immunogenicity (79) .
Our previous studies demonstrated that FLH, unlike CCH and KLH, has potent antitumor activity on murine melanomas even without previous priming, an effect that we suggested might have been caused by FLH inducing a more potent proinflammatory milieu than did CCH and KLH (8) . Thus, the present data support this assumption and suggest potential mechanisms, but they do not provide evidence on the cause of these differences. We think that differences in the intrinsic structural features of these proteins are the key to activation of APCs, and several authors have proposed that sugar moieties may play a role during the immune response against hemocyanins (4, 8, 26, 29) . Because mannose is the major sugar found in these proteins, we proposed that APCs might recognize mollusk hemocyanins as a "highly mannosylated infectious agent" (6) . This assumption is supported by the promotion of human DC maturation by KLH in vitro through its engagement of the membrane C-type lectin mannose receptor (MR) (80), a phenomenon that is not observed in murine DCs cultured in vitro with KLH and CCH (14, 81) . However, FLH promotes the secretion of several proinflammatory cytokines, although this ability ceases when DCs are treated with deglycosylated FLH, suggesting a crucial role for oligosaccharides in the immunomodulatory effects of FLH (8) . In this study, we performed experiments to evaluate whether the MR is involved in the endocytosis of hemocyanins in murine peritoneal macrophages. First, the expression of the MR in macrophages was assessed using OVA as positive control, because it has been described as a classical MR ligand (82) ( Supplemental Fig. 3A) ; then, a hemocyanin uptake inhibition assay was developed, showing that the endocytosis of hemocyanins was calcium-dependent and was partially inhibited by the presence of D-mannose, the natural ligand of MR (Supplemental Fig. 3B ). These results suggest that other C-type lectin receptors participate in the endocytosis of hemocyanins by macrophages. Notably, MR does not have a "signaling motif," and therefore cooperation with other receptors is required to trigger the signaling cascade leading to cytokine secretion (83) , such as DC-SIGN (84), Dectin-2 (85), or TLRs (e.g., TLR4 or TLR2) (86, 87) .
Thus, we reasoned that macrophages might bind hemocyanins through receptors with different carbohydrate recognition domains that occur in certain C-type lectin receptors depending on the oligosaccharide (number, type, and substitution patterns of outer sugar branches) on the protein. These receptors directly or indirectly trigger distinct signaling pathways, leading to the differential production of proinflammatory cytokines and promotion of the M1 immune response; thus, a bystander signaling pathway might be activated, increasing tumor cell killing or other latent-specific responses. Hence, because CCH lacks oligosaccharides that contain sialic acid, their endocytosis may be mediated by different receptors than those for KLH and FLH, which have these oligosaccharides (8) .
In conclusion, our data demonstrate that CCH, KLH, and FLH have early differential effects at the molecular level in macrophages, reflected in quantitative differences in cytokine gene expression and protein secretion patterns, leading to an M1 macrophage polarization. Additionally, the duration and magnitude of the cytokine cascade after APC uptake of these proteins have been mostly unclear until now. Thus, the data reported in the present study provide an initial roadmap for further in-depth investigations into the immunological mechanism of action of these proteins, thus supporting their application, especially in the biomedical sciences.
